Abstract: Theoretical investigation on the mechanism of temporal depolarization effect in a polarization optical time-domain reflectometry (POTDR) system is conducted. First, the relationship between the dynamic range of the incomplete POTDR system and the degree of polarization (DOP) of the backscattered optical signal is derived. Second, a temporal depolarization suppressed POTDR system is proposed by introducing quasi-distributed Fresnel reflections. Third, the DOP distribution of the proposed system is demonstrated by numerical simulations and experiments. It is shown that the temporal depolarization effect can be significantly suppressed to maintain sufficient dynamic range for fast and accurate polarimetric measurement. The signal-to-noise ratio (SNR) of the received optical signal is also improved with the help of Fresnel reflections. With high DOP and improved SNR, instantaneous intrusion sensing and accurate vibration frequency measurement along the fiber link have been achieved without performing any data averaging.
Introduction
A polarization optical time domain reflectometry (POTDR) system was proposed in the 1980's for measuring the spatial distributions of physical fields by detecting local polarization properties of single-mode fibers (SMF) [1] . It has been widely used in polarization mode dispersion measurement [2] - [4] , birefringence mapping [5] , polarization dependent loss (PDL) measurement [6] , beat length estimation [7] , intrusion sensing [8] , and vibrational frequency detection [9] , [10] systems through several decades of developments. Generally, the POTDR can be divided into two categories: the complete-POTDR [11] and the incomplete-POTDR [8] - [10] .
In the scheme of a complete-POTDR, lights in different polarization states are transmitted into the sensing fiber, and the backscattered lights are collected. By taking the Stokes parameters of the input and output lights into a matrix equation, the round-trip Mueller matrix along the sensing fiber can be obtained [11] . Since this scheme can get the local polarization parameter of the fiber, it can achieve distributed measurement and distinguish multiple events along the fiber. However, the system is complicated, costly, and usually suffers from a low signal-to-noise ratio (SNR) [11] .
In comparison, the incomplete-POTDR system only measures the intensity of the backward light after the polarizer [8] . It is simpler in structure, more cost-effective and easier to use in practice. In a general way, people still detect backward Rayleigh scattering (BRS) light as the sensing signal in the incomplete-POTDR system. As a result of imperfect manufacturing and the influence of external environmental factors, the birefringence of the fiber is randomly distributed. That makes the polarization states of signal light from different portion of the sensing fiber change randomly. When a light pulse covering a certain fiber length propagates along the sensing fiber, BRS lights arrive at the photodetector (PD) from different positions have different polarization states, then the intensity superimposition on the PD will introduce the temporal depolarization effect. In an incomplete-POTDR system, the degree of polarization (DOP) of signal light determines the dynamic range of the system, which will be mathematically shown in (10) and (11) . As a result, the dynamic range of an incomplete-POTDR system based on BRS light detection degrades and changes with time and fiber length. The degradation of system dynamic range is a serious problem because detectable optical power variations after the polarizer will be largely constrained. Therefore, sufficient DOP of backscattered signal light in an incomplete-POTDR system is indispensable for any practical applications.
In addition, the light source of the POTDR system based on BRS light detection has a special request. On one hand, the laser linewidth should be narrow enough to prevent the frequency domain depolarization that is induced by different polarization transformations of various frequency components in the light source. On the other hand, a sufficient laser linewidth is required to avoid the interference of backscattered components from different portions of the fiber. Therefore, the laser source of POTDR typically requires several GHz linewidth, and it usually falls between that of the conventional OTDR [12] and the Coherent-OTDR [13] , [14] . In this case, frequency domain depolarization effect can be neglected, and only the temporal depolarization effect is considered.
In this paper, we first conduct a thorough theoretical investigation on the mechanism of temporal depolarization effect in POTDR system. A wave plate model is then employed for simulation. With the help of theoretical analysis and numerical simulation, the degradation of dynamic range of incomplete-POTDR system due to temporal depolarization is confirmed, and a novel incomplete-POTDR system based on Fresnel-reflection is proposed to suppress the temporal depolarization effect. The excellent performance in temporal depolarization suppression has been validated experimentally. The well-controlled Fresnel-reflection points have been achieved by carefully tailoring the FC/PC connectors embedded along the sensing fiber link. The SNR of optical signal has been enhanced with negligible insertion loss. By using this system, distributed intrusion sensing and vibrational frequency measurement are performed with no data averaging operation.
Theoretical Analysis of the Temporal Depolarization in POTDR System

Theory
A pure birefringent optical fiber link without PDL is assumed throughout this paper. The wave plate model of sensing fiber is shown below in Fig. 1 . In this model, the sensing fiber consists of thousands of birefringence wave plates. The forward Muller matrix of each wave plate can be written as follows [15] : 
where R ¼ diagð1; 1; 1; À1Þ. By taking into account the Rayleigh scattering/Fresnel-reflection coefficient, the backward Muller matrix of n cascaded wave plates is
where r is the backward Rayleigh scattering/Fresnel-reflection coefficient of the n-th wave plate. As Fig. 1 depicts, the length of each wave plate is assumed to be l meter and an optical pulse propagating along the fiber covers 2n wave plates. By assuming that, at time t 0 , an optical pulse enters the fiber completely, the location of the optical pulse front edge will be 2nl. As a result, the BRS light from the front edge of optical pulse will arrive at PD at time t 0 þ ð2nl=v Þ (where v is the velocity of light in fiber). From then on, the optical pulse moves forward and takes time to propagate a length of one wave plate. On this condition, the time of BRS light from ð2n À 1Þl arriving at PD is t 0 þ þ ðð2n À 1Þl=v Þ ¼ t 0 þ ð2nl=v Þ. It is clear that the BRS light from 2nl at time t 0 and BRS light from ð2n À 1Þl at time t 0 þ will arrive at the PD at the same time. Propagating like this, at time t 0 þ n the falling edge of the optical pulse arrives at nl. The time of BRS light from nl arriving at PD is t 0 þ n þ ðð2n À nÞl=v Þ ¼ t 0 þ ð2nl=v Þ. Therefore, at time t 0 þ ð2nl =v Þ, the optical signal arriving at the PD is actually a combination of BRS lights from locations 2nl; ð2n À 1Þl; . . . ; nl, respectively.
If the coherent length of light source is much less than l, such a combination of n light beams with different polarization states will superimpose with intensity at the photodetector. The Stokes vector of superimposed light can be defined as follows: When l ! 0, (4) can be rewritten in an integral form
where L p is the fiber length covered by the optical pulse, and the DOP of the received optical signal is
When x axis is the polarization axis of polarizer, its Muller matrix is 
Therefore, the light intensity after the polarizer is
According to Eq. (8), the maximum and minimum light intensities after polarizer are
Clearly, when a disturbance event occurs at a fiber position, the signal intensity after this position in an incomplete POTDR system will keep changing between I max and I min . The dynamic range of the effective optical power carrying polarimetric information in an incomplete POTDR system can be defined as
We then define a normalized dynamic range as follows:
From (11), we can draw a conclusion that the DOP of the signal determines the dynamic range of the POTDR system.
As M bðiÞ is randomly distributed for BRS signal, the DOP of the superimposed light will be degraded. According to (10) and (11), the dynamic range of an incomplete POTDR system will be degraded, which means the range of signal power variation caused by disturbance event will decrease. In this case, even though the optical signal intensity received by a photodetector is strong enough, it is still difficult to capture the disturbance event. The situation becomes worse in the case of noisy background.
However, if the superimposed light contains a back-reflected optical signal induced by the Fresnel-reflection, the received optical power will be dominated by the Fresnel-reflected light due to the considerably higher Fresnel reflectivity compared with the Rayleigh backscattering coefficient. Since the Fresnel-reflection occurs at a sharp interface of refractive index (see Fig. 1 ), the DOP of the received optical signal can increase effectively. In short, the temporal depolarization can be suppressed in an incomplete-POTDR system by introducing Fresnelreflection along the sensing fiber link.
Simulation
To verify the model described in Section 2.1, simulation is performed. The total sensing fiber length is 3.1 km. The first 2.4 km has no Fresnel-reflection and Fresnel-reflection points are embedded with 50 m interval from 2.4 km afterwards. The length of each wave plate is assumed to be 1 m, and the optical pulse width is 100 ns. in (1) obeys the uniform distribution in [0, 2] and has a standard normal distribution. The fiber loss, the attenuation of Fresnelreflection point, the BRS coefficient and Fresnel-reflection coefficient are consistent with the actual values, which are 0.2 dB/km, 0.2 dB, 10 −7 /m and 10 −5 , respectively. The input polarization state (Stokes vector) is S in ¼ ½1; 1; 0; 0, which is commonly used in actual experiments. Actually, in this paper, the input polarization state does not affect the final results and all the parameters used in the simulation are basically in line with the experiment in Section 3.1.
The simulation result is shown in Fig. 2 . The mean value of DOP of optical signals including Fresnel-reflection points (the Rayleigh back-scattered signals between Fresnel reflections are discarded) is 0.9281 and its standard deviation is 0.0268. While the mean value of DOP of pure Rayleigh back-scattered light is 0.5126 (for a very long pulse, the DOP of Rayleigh backscattered light will approach toward 1/3 [17] ), and its standard deviation is 0.1714. The statistical histogram of DOP distribution along the fiber is shown in Fig. 2(b) . From the histogram, it is easy to see that the DOP of signals including Fresnel-reflection points concentrates at the high value area tightly while the DOP values of BRS light is scattered in a wide range with a lower mean value. The overlap of two histograms is negligible. From the simulation result, we can draw a conclusion that signals including Fresnel-reflected points have a much higher DOP and less fluctuation than those of BRS lights. According to (11) , the POTDR system employing Fresnelreflection points has larger dynamic range than the system only based on BRS light.
Experimental Configuration and Results
DOP Distribution Measurement
The experimental setup of DOP distribution measurement using a POTDR system is shown in Fig. 3 . In the experiment we incorporate FC/PC connectors to generate Fresnel-reflection from 2.4 km afterwards with 50 m interval. In the system, a fixed polarizer and a rotatable quarter-wave plate are used for the polarimetric measurement. A pulse-driven laser diode with 0.15 nm spectral linewidth has been chosen as the light source. The peak power of the optical pulse is 10 mw with 100 ns pulse-width and 100 s repetition period. The avalanche photodiode (APD) is used to collect the BRS and the Fresnel-reflected lights from the sensing fiber link. The bandwidths of the avalanche photodiode and data acquisition (DAQ) card are 10 MHz and 100 MHz, respectively, and the sampling rate is 250 Msam/s. By changing the angle between the fast axis of quarter-wave plate and the optical axis of the polarizer four times, the DOP distribution of the fiber link can be calculated from the received OTDR trace. We choose the optimum angles −45°, 0°, 30°, and 60°in our measurements [18] . Because of the low SNR of the system, for each angle setting, 20000 traces are recorded for averaging. The results are shown in Fig. 4 .
From results shown in Fig. 4 , we can easily observe that the DOP of POTDR signal with Fresnel-reflection points is higher and more stable than the pure BRS POTDR signal. With statistical analysis, the mean value of DOP of pure BRS signals from the first 2.4 km is 0.5492 and the standard deviation is 0.1398, while the mean value and the standard deviation of POTDR signal including Fresnel-reflection points (the Rayleigh back-scattered signals between Fresnel reflections are discarded) is 0.8546 and 0.0799, respectively. The statistical histogram of DOP distribution along the fiber link is drawn in Fig. 4(b) . The experimental results agree with the simulation qualitatively well. The discrepancies are mainly due to the existence of the rising and falling edges of the real optical pulses. Also, the reflection coefficients of Fresnel-reflection points in experiments vary from the ideal value. Actually, the reflection and transmission coefficients of Fresnel-reflection points can be further investigated as shown in the Appendix.
Besides the much improved DOP, it is clearly observed from Figs. 2 and 4 that the optical power of reflected optical signal from the Fresnel-reflection points is much higher than that of the pure BRS light. Therefore, the Fresnel-reflection enhanced POTDR system will be advantageous in terms of higher SNR and larger dynamic range, which is essential for many applications demanding instantaneous response along the distributed fiber link, such as intrusion detection and vibrational frequency measurement. In the following sections, the experimental works are conducted to demonstrate the feasibility and exceptional performances of a Fresnel-reflection enhanced incomplete POTDR system.
Intrusion Detection With POTDR System Based on Fresnel Reflection
The intrusion sensing system using our proposed Fresnel-reflection enhanced POTDR technique is shown in Fig. 5 . An electrical signal with a pulse-width of 200 ns and a repetition period of 700 s generated by the waveform generator is directly applied to modulate the light source.
Thirty-one 50 m-long optical fiber patch cords are connected by 31 FC/PC connectors to generate Fresnel-reflection points. The average insertion loss of adjacent FC/PC connector is about 0.2 dB. We employ an optical attenuator after the 31st FC/PC connector to introduce 21.6 dB loss. After the attenuator, a fiber mirror is used to reflect the residual optical power. With the large loss induced by the optical attenuator, the signal power reflected from the fiber mirror is at the similar level compared with Fresnel-reflected optical signals before the attenuator. That means, in principle, we can employ more than one hundred ð31 þ 21:6=0:2 ¼ 139Þ FC/PC connectors to construct a quasi-distributed POTDR system based on Fresnel-reflection. Although the distance between adjacent FC/PC connectors constraints the spatial resolution, it can be further improved by optimizing the fiber cable topology according to the real application.
In order to observe signal intensity of each Fresnel reflection-points, the in-line polarizer is removed at first. The OTDR trace is shown in Fig. 6(a) . Five locations along the trace are marked by dashed line boxes in Fig. 6(a) . The first one represents the typical Fresnel-reflection signal while the second one is BRS signal. It is obvious that the power difference between the two signals is about 5 dB or higher. The third one depicts the Fresnel-reflection points used for intrusion detection, as shown in Fig. 6(a) , while the fourth is the signal generated by the attenuator. The fifth one is the signal reflected from the end fiber mirror. As the average insertion loss of each FC/PC connector is about 0.2 dB, we can employ more than one hundred FC/PC connectors in the system. People may notice that the reflected peaks in Fig. 6(a) are uneven while some peaks from far-end are even higher than those from the near-end. That is because the return losses of FC/PC connectors are different. Next, we install the in-line polarizer before the APD to construct an incomplete POTDR system. After that, the intrusion behavior is emulated by shaking the fiber between the 7th and the 8th FC/PC connectors. We continuously store 200 traces while the intrusion behavior lasts. In order to observe clearly, we draw all the 200 traces between the sixth and the 15th FC/PC connectors in one diagram as shown in Fig. 6(b) . The x -axis represents the length of the fiber link and y -axis represents time, while the intensity of the signal is denoted by different colors. As the Fig. 6(b) shows, the intensity of signal from the Fresnel-reflection points after the disturbance point changes with time obviously because the polarization states of the light reflected from those Fresnel-reflection points are disturbed by the intrusion; while the polarization states of the light reflected from those Fresnel-reflection points before the disturbance region keep unchanged. Thanks to the high DOP, this feature can be easily identified without any averaging process.
In conclusion, by employing Fresnel-reflection point, the temporal depolarization can be suppressed effectively. Because the temporal depolarization is the main reason leading to signal's DOP degradation and the DOP of the signal light in incomplete POTDR system directly determines the system's dynamic range, as shown in Sections 2 and 3.1, the Fresnel-reflection enhanced POTDR system is a very good choice in the applications of distributed optical fiber intrusion sensors with instantaneous event response.
Vibrational Frequency Measurement With POTDR System
The Fresnel-reflection enhanced incomplete POTDR based vibrational frequency measurement system is similar with the intrusion detection system. In order to prove the feasibility and accuracy of our technique, an accurate vibration frequency has to be obtained in the fiber link to modulate the fiber birefringence. In our experiments, a piezo-transducer (PZT) based fiber stretcher is used to produce a continuous vibration by applying periodic electric signal after high voltage electrical amplifier. It is constructed by a 15 m long SMF wounded on a piezotransducer plate. The fiber stretch coefficient is 1.33 m/V, and it is able to stand 800 V peak to peak input. The stretch of the fiber in the PZT causes the change of birefringence, and birefringence modulation is detected by spectral-domain analysis with detected POTDR traces. First, we should make sure that the modulated fiber birefringence is a linear transfer of the input electrical signal applied to the PZT. Continuous-wave operated light is first used in this experiment and the setup is shown in Fig. 7(a) . The light goes though the PZT, fiber, and polarizer and then is collected by an oscilloscope. A single frequency sinusoidal electrical signal at 50 Hz is applied as the driving source. The collected signal intensity waveform and its spectrum after the fast Fourier transform (FFT) are shown in Fig. 7(b) . The generated peak frequency in the spectrum is exactly 50 Hz, which means the frequency of the birefringence modulation corresponds exactly to the stretch frequency of the fiber.
The setup of vibrational frequency measurement with POTDR system based on Fresnel reflections is shown in Fig. 8 . The pulse repetition frequency is 20 kHz, and the pulse width is 200 ns. The first Fresnel reflection point is placed at 2.4 km and the PZT is inserted between the second and third Fresnel reflection points. The PZT is used to modulate the fiber birefringence in a definite frequency. In order to recover the vibration frequency component carried by the reflected optical pulse, the detected signals collected by the DAQ card are processed in the following way, as illustrated in Fig. 9 . Firstly, 200 consecutive traces are obtained by the DAQ card and stored in computer in series. Then, the traces are rearranged according to the cycle of optical pulse as in step ii. Therefore, we can extract signals from certain position we have interests and plot the intensity verse time. If the fiber between FC/PC2 and FC/PC3 is vibrated by a PZT fiber stretcher, the temporal POTDR trace after FC/PC3 should be variable with the polarization modulation, as shown in step iii. The changes of signals in time domain reflected from the same position due to the polarization vibration can be observed clearly. As shown in step iv, the FFT spectrum can be obtained from the time-varying envelope to monitor the vibration frequency. The high DOP and enhanced optical power guarantee the instantaneous measurement and vibration frequency extraction.
In our experiments, we recover different frequencies induced by the PZT driven by the sinusoidal waves (50 Hz, 500 Hz, and 9000 Hz, respectively). The experiment results are shown in Fig. 10 . We can see that, the FFT spectrum of any reflected pulse before the disturbing point (PZT location) does not have any obvious peak [see Fig. 10(a) ]. The FFT spectrum of timevarying envelope from signals reflected after disturbing point (Fresnel reflection point 3) has an obvious frequency peak exactly at the frequency we apply on the PZT [see Fig. 10(b)-(d) ]. Therefore, we can easily locate the position (between FC/PC2 and FC/PC3) and obtain the frequency spectrum of vibration. Thanks to the large normalized dynamic range the high DOP brings, the frequency component is quite obvious.
For a POTDR system, the sensing length and the detectable vibration frequency range have an inverse relationship [11] . In our experiment, the sensing length is about 2.5 km. The minimum pulse repetition period is 25 s in theory. In order to leave enough time for the DAQ card to transmit data to the computer and capture the next trigger, we set the pulse repetition period at 50 s.
According to the Nyquist sampling theorem, the upper limit of the vibration frequency recovery is 10 kHz. In our experiment, we have recovered the vibration frequency up to 9 kHz in a very good identification, which is far beyond the capability of conventional BRS-based POTDR system since time-consuming average process must be taken in that system to ensure sufficient SNR.
Conclusion
In summary, we proposed a novel scheme of incomplete-POTDR system based on Fresnelreflection with enhanced DOP for instantaneous fiber sensing applications. The principle of temporal depolarization in POTDR system was studied using theoretical analysis, numerical simulation and experimental demonstrations. It has been demonstrated that Fresnel reflections introduced in the POTDR system significantly improve the DOP of reflected optical signal thus enhance the sensing dynamic range. Intrusion sensing and vibration frequency measurement are successfully demonstrated using the proposed incomplete-POTDR system based on Fresnel-reflection with instantaneous response and without performing any data averaging. It is anticipated that the incomplete-POTDR system based on Fresnel-reflection is able to unveil the In (A.3) and (A.4), we can easily get that the s2 and s3 components of the Stokes vector of reflected light should change their plus-minus and the polarization state of transmitted light remains unchanged. That means the influence of fiber-medium interface to light polarization state is stable.
A.2. Fresnel-Reflection Based on Fiber-Medium-Fiber Structure
The fiber-air-fiber structure is the situation of FC/PC connector (shown in Fig. 13 ). It is easy to understand that, in this structure, light will reflect repeatedly on the fiber-medium and medium-fiber interfaces and each Fresnel-reflection conforms to the mathematical laws described in Section A1, but the Fresnel-reflection of multiple superpositions will bring interesting properties.
In order to simplify the calculation, we only discuss the problems in our actual scheme in this paper. The optical medium between two fiber end faces is air or index-matching fluid. In this situation, as light intensity reflectivity is equal or less than 3.6% ðn m % 1Þ, only the first two Fresnel reflections are strong. The maximum are 3.6% and 3.3% (96.4%*3.6%*96.4%) respectively. The maximum reflectivity of third Fresnel-reflection is only about 0.004% (96.4%*3.6%*3.6%*3.6%*96.4%), which can be ignored in our scheme.
When only the first two Fresnel-reflections are considered, there are also two cases. They are incoherent and coherent superposition. In incoherent situation, it is easy to get the reflection coefficient, which is ððn f À n m Þ=ðn f þ n m ÞÞ 2 ½1 þ ð4n f n m =ððn f þ n m Þ 2 ÞÞ 2 . When the optical medium is air, the reflectivity is 6.9%. In practice, as the space between two fiber end faces in fiber connector is less than 100 nm (industry standard), the lights from the first two Fresnel-reflections must be in coherent superposition (even if the linewidth of light source reach 100 nm, its coherence length is dozens of m, which is much larger than 100 nm). When the two reflected lights are coherently superimposed, the phase change must be taken into account. As shown in Fig. 13 , Fig. 12 . Light intensity reflectivity changes along with the refractive index of medium. Fig. 13 . FC/PC connector based on fiber-medium-fiber structure.
